Social observation increases the cardiovascular response of hearing-impaired listeners during a speech reception task by Plain, B et al.
Plain, B, Pielage, H, Richter, M, Bhuiyan, TA, Lunner, T, Kramer, SE and 
Zekveld, AA
 Social observation increases the cardiovascular response of hearing-impaired
listeners during a speech reception task
http://researchonline.ljmu.ac.uk/id/eprint/15403/
Article
LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.
The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 
For more information please contact researchonline@ljmu.ac.uk
http://researchonline.ljmu.ac.uk/
Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 
Plain, B, Pielage, H, Richter, M, Bhuiyan, TA, Lunner, T, Kramer, SE and 
Zekveld, AA (2021) Social observation increases the cardiovascular 
response of hearing-impaired listeners during a speech reception task. 
Hearing Research, 410. ISSN 0378-5955 
LJMU Research Online
Hearing Research 410 (2021) 108334 
Contents lists available at ScienceDirect 
Hearing Research 
journal homepage: www.elsevier.com/locate/heares 
Research Paper 
Social observation increases the cardiovascular response of 
hearing-impaired listeners during a speech reception task 
Bethany Plain a , b , ∗, Hidde Pielage a , b , Michael Richter c , Tanveer A. Bhuiyan d , 
Thomas Lunner b , Sophia E. Kramer a , Adriana A. Zekveld a 
a Amsterdam UMC, Vrije Universiteit Amsterdam, Otolaryngology Head and Neck Surgery, Ear & Hearing, Amsterdam Public Health Research Institute, 
Amsterdam, the Netherlands 
b Eriksholm Research Centre, Snekkersten, Denmark 
c School of Psychology, Liverpool John Moores University, Liverpool, United Kingdom 
d Demant A/S, Kongebakken, Smørum, Denmark 
a r t i c l e i n f o 
Article history: 
Received 18 February 2021 
Revised 21 July 2021 
Accepted 4 August 2021 








a b s t r a c t 
Certain cardiovascular measures allow for distinction between sympathetic and parasympathetic nervous 
system activity. Applied during listening, these measures may provide a novel and complementary in- 
sight into listening effort. To date, few studies have implemented cardiovascular measures of listening 
effort and seldom have these included hearing-impaired participants. These studies have generally mea- 
sured changes in cardiovascular parameters while manipulating environmental factors, such as listening 
difficulty. Yet, listening effort is also known to be moderated by individual factors, including the impor- 
tance of performing successfully. In this study, we aimed to manipulate success importance by adding 
observers to the traditional laboratory set-up. Twenty-nine hearing-impaired participants performed a 
speech reception task both alone and in the presence of two observers. Auditory stimuli consisted of 
Danish Hearing in Noise Test (HINT) sentences masked by four-talker babble. Sentences were delivered 
at two individually adapted signal-to-noise ratios, corresponding to 50 and 80% of sentences correct. We 
measured change scores, relative to baseline, of pre-ejection period, two indices of heart rate variabil- 
ity, heart rate and blood pressure (systolic, diastolic, and mean arterial pressure). After each condition, 
participants rated their effort investment, stress, tendency to give up and preference to change the situa- 
tion to improve audibility. A multivariate analysis revealed that cardiovascular reactivity increased in the 
presence of the observers, compared to when the task was performed alone. More specifically, systolic, 
diastolic, and mean arterial blood pressure increased while observed. Interestingly, participants’ subjec- 
tive ratings were sensitive only to intelligibility level, not the observation state. This study was the first to 
report results from a range of different cardiovascular variables measured from hearing-impaired partici- 
pants during a speech reception task. Due to the timing of the observers’ presence, we were not able to 
conclusively attribute these physiological changes to being task related. Therefore, instead of represent- 
ing listening effort, we suggest that the increased cardiovascular response detected during observation 
reveals increased physiological stress associated with potential evaluation. 
© 2021 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license 













Listening effort, or the “mental effort that occurs when a task 
nvolves listening” ( Pichora-Fuller et al., 2016 , p. 11S), has gained 
omentum in recent years as an important topic within hearing ∗ Corresponding author at: Eriksholm Research Centre, Rørtangvej 20, 3070 
nekkersten, Denmark. 







378-5955/© 2021 The Authors. Published by Elsevier B.V. This is an open access article uesearch. Driving this momentum is the knowledge that individu- 
ls with hearing impairment, even with adequately fitted amplifi- 
ation, expend more effort during day-to-day listening than their 
ormal-hearing peers ( Alhanbali et al., 2017 ; Ohlenforst, Zekveld, 
ansma, et al., 2017 ). This disproportionate effort investment stems 
rom the cognitive processing required to decipher a degraded au- 
itory signal ( McCoy et al., 2005 ; Rönnberg et al., 2008 ). In the
ong-term, the prolonged, effortful nature of listening with hear- 
ng loss is suspected to have negative health consequences, such 
s fatigue and stress ( Bess & Hornsby, 2014 ; Hasson et al., 2011 ;nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 


























































































































achtegaal et al., 2009 ). Excessive listening effort may also cause 
earing-impaired individuals to withdraw from social situations 
 Holman et al., 2019 ) and thus contribute to their higher risk of so-
ial isolation and loneliness ( Shukla et al., 2020 ). Despite its clear 
mportance, listening effort is not currently accounted for during 
linical audiology appointments. The topic warrants further inves- 
igation, to deepen our understanding of the cognitive and phys- 
ological processes underlying different aspects of listening effort 
nd mediate the negative consequences for those with hearing im- 
airment ( McGarrigle et al., 2014 ). 
To study listening effort in the laboratory setting, a body of 
ork has focussed on manipulating the acoustic properties of 
istening tasks. For instance, researchers have varied the signal- 
o-noise ratio, the talker pace, level of reverberation and the 
ype of masking noise presented during speech reception tasks 
 Mackersie & Calderon-Moultrie, 2016 ; Ohlenforst et al., 2018 ; 
ichora-Fuller et al., 2016 ; Picou et al., 2019 ). Beyond the quality of
he acoustic signal, the effort invested in a task is also moderated 
y how important it is for the listener to successfully complete the 
ask ( Brehm & Self, 1989 ; Pichora-Fuller et al., 2016 ; Richter, 2016 ).
ttempts to manipulate this “success importance” experimentally 
ave often involved performance-dependent monetary reward, as 
n incentive to be successful at completing the task. For instance, 
ichter (2016) demonstrated that during a demanding tone dis- 
rimination task, a high reward level was required to motivate par- 
icipants to invest effort (shown by a shortened pre-ejection pe- 
iod (PEP), see details in section 1.2.1), whereas the reward had no 
ignificant effect at the easy condition. Another study presenting 
 speech-in-noise task showed that participants invested more ef- 
ort, as shown by an increased peak pupil dilation, when a higher 
eward was offered ( Koelewijn et al., 2018 ). 
ocial observation during listening 
In real life communication situations, rather than from mon- 
tary reward, the importance of successful listening arises more 
ommonly from social relationships, expectations, and constructs. 
epending on the content of the message being conveyed, or the 
elationship to the speaker, for example, one might be motivated 
o listen, even in very demanding auditory conditions. To this end, 
ome studies have recently included manipulations of social factors 
uring listening. For example, Zekveld’s participants received both 
erbal and visual feedback that suggested they were performing 
 speech perception task below the expected level ( Zekveld et al., 
019 ). They were encouraged by the experimenter to “please try 
arder”. This explicit evaluation resulted in an increase in peak 
upil dilation at two different intelligibility levels for both normal- 
earing and hearing-impaired participants, compared to when no 
eedback was given. In another study, normal-hearing participants 
erformed a speech-in-noise task concurrently with another par- 
icipant. Simply the presence of another participant in the same 
oom led to an increase in peak pupil dilation, compared to when 
he participant performed the task alone ( Pielage et al., 2021 ). 
Manipulations of social factors have also been applied dur- 
ng a listening effort study measuring cardiovascular responses, 
amely heart rate variability (see section 1.2.1). Mackersie and 
earney (2017) recruited hearing-impaired participants who lis- 
ened to a narrative and either had to recall parts of the narra- 
ive or answer comprehension questions based upon it. This task 
as performed under two evaluative conditions: high or low. Dur- 
ng the high evaluation condition, participants were recorded us- 
ng a video camera, and were told that a panel of experts would 
eview the footage and evaluate their performance. During the low 
valuation condition, no video camera was present. Compared to 
aseline, all task conditions elicited a reduction in heart rate vari- 
bility (HRV) relative to baseline, but surprisingly, no difference 2 as found between the different task demands (recall or com- 
rehension) or the evaluation conditions. The lack of an effect of 
valuation is surprising, because the mere presence of observers 
uring non-auditory tasks has previously been effectively reflected 
n a decrease in HRV, an increase in heart rate, a shortened PEP 
 Bosch et al., 2009 ), and an increase in blood pressure ( Gendolla
 Richter, 2006 ). Building upon the literature presented here, a 
rimary aim of the present work was to manipulate success im- 
ortance in a more ecologically valid way by adding two physi- 
ally present observers to the traditional laboratory speech recep- 
ion task. 
uantifying listening effort 
Measures of listening effort can be split into three general 
ategories: behavioural, self-report and physiological measures 
 McGarrigle et al., 2014 ; Pichora-Fuller et al., 2016 ). Behavioural 
easures include single and multi-tasking paradigms, where re- 
all ability, reaction time or performance accuracy on a task are 
hought to reflect the amount of effort investment ( Hällgren et al., 
001 ; McGarrigle et al., 2014 ; Strand et al., 2021 ; Wu et al., 2016 ).
uch measures are beyond the scope of this paper and will not 
e discussed further here. Self-reported listening effort involves 
he participant reporting their perception of their listening effort 
nvestment. This typically is in the format of a closed set ques- 
ionnaire or rating scale ( Alhanbali et al., 2017 ). The clear bene- 
t of the subjective rating approach is that it reveals the partici- 
ant’s conscious awareness of their listening experience ( Francis & 
ove, 2020 ), which is likely to closely relate to the difficulties re- 
orted to audiologists in clinic. The disadvantage of such scales is 
usceptibility to subjectivity, as people have different perceptions 
f effort and different internal ‘effort’ scales ( Moore & Picou, 2018 ). 
hysiological measures will be discussed below. 
Listening effort has been quantified using a range of physio- 
ogical correlates of autonomic nervous system (ANS) activity, in- 
luding pupil diameter, skin conductance and various heart-related 
arameters ( McGarrigle et al., 2014 ; Pichora-Fuller et al., 2016 ; 
ekveld & Kramer, 2014 ). The basis for measuring from such seem- 
ngly disparate organs is that mental effort—similar to other cogni- 
ive states and processes, including stress and emotional regulation 
 Levenson, 2014 ; Ziegler, 2012 )—is accompanied by ANS activation, 
hich can be detected by measuring changes in various organs or 
ystems ( Kahneman, 1973 ). By applying such measures during lis- 
ening tasks, researchers have attempted to measure effort invest- 
ent and thus better understand the cognitive processes occurring 
uring listening. 
It is of growing interest to disentangle the contributions aris- 
ng from the two branches of the ANS, the sympathetic (SNS) and 
arasympathetic nervous systems (PNS), during effort investment. 
he SNS is responsible for “fight and flight”, preparing the body for 
ction, whereas the PNS is responsible for “rest and digest”, allow- 
ng the body to restore and repair ( Lovallo, 2005 ; McCorry, 2007 ).
hese two branches of the ANS interact in a complex, and not al- 
ays inversely related ( Berntson et al., 1991 ), balance to maintain 
omeostasis ( McCorry, 2007 ). The response of the body to mental 
ffort investment appears to be similar to that which occurs dur- 
ng physical effort ( McArdle et al., 2010 ): Greater effort investment 
s reflected in an increase in SNS activity ( Wright, 1996 ) and/or a
ithdrawal of PNS activity ( Mackersie & Calderon-Moultrie, 2016 ). 
By measuring changes in the two branches of the nervous sys- 
em we can learn more about the underlying cognitive processes 
nd emotional stress associated with hearing difficulties and hear- 
ng loss. Furthermore, a deeper knowledge of which ANS branch 
esponds to effort-related manipulations will allow researchers to 
elect and apply the most sensitive measures in future listening 
ffort studies. Finally, in addition to providing information about 

























































































































ransient processes, changes in SNS and PNS activity also provide 
n important association to longer term, chronic conditions such 
s chronic stress associated with noise ( Francis et al., 2016 ). 
One commonly applied measure of listening effort is the 
aseline-corrected peak pupil dilation, which has been shown to 
ncrease during greater effort investment ( Zekveld et al., 2018 ). The 
upil size is controlled by a complex interaction of SNS and PNS 
NS activity ( Kahneman, 1973 ; Loewenfeld & Lowenstein, 1999 ). 
he relative influences of the SNS and PNS on the pupil size de- 
end on a range of factors, including environmental factors, such 
s illumination, and individual factors, such as arousal and fatigue 
 Hopstaken et al., 2015 ; McGarrigle et al., 2017 ; Steinhauer et al.,
004 ; Wang et al., 2018 ; Zekveld et al., 2018 ). For this reason, it
an be difficult to elucidate whether changes to pupil diameter are 
 result of variations in SNS or PNS activity. Additional measures 
hat provide insight into the individual branches of the ANS are 
eeded. 
ardiovascular measures of listening effort 
Of the different physiological parameters that have been as- 
ociated with effort investment, cardiovascular measurements re- 
ain relatively underexplored in the context of listening effort. 
his is surprising because certain cardiovascular measures allow 
or distinction between the SNS and PNS influences on the heart 
 Berntson et al., 1997 ; Giuliano et al., 2017 ; Sherwood et al., 1990 ).
he few cardiovascular studies of listening effort to date have pri- 
arily implemented one of two measures: firstly, HRV, which, de- 
ending on the metric used, is an index of cardiac PNS activity 
 Cvijanovi ́c et al., 2017 ; Dorman et al., 2012 ; Mackersie et al., 2015 ;
ackersie & Calderon-Moultrie, 2016 ; Seeman & Sims, 2015 ), and 
econdly, PEP, which is an index of cardiac SNS activity ( Plain et al.,
020 ; Richter, 2016 ). Below, we will introduce HRV and PEP and 
ummarize the results of the listening effort studies that have ap- 
lied these measures. Subsequently, other relevant cardiovascular 
arameters will be introduced. 
eart rate variability 
HRV refers to the natural fluctuation or changeability in the in- 
ervals between heart beats ( Shaffer & Ginsberg, 2017 ). A key con- 
ributor to HRV is the respiratory sinus arrythmia. Respiratory si- 
us arrhythmia is the phenomenon whereby breathing affects the 
ace of the heart. During inspiration, the inter-beat interval be- 
omes smaller (heart rate increases), whereas during expiration, 
he inter-beat interval becomes longer (heart rate slows). This fluc- 
uation in heart beats is mediated by various mechanisms, includ- 
ng respiration-modulated cardiac vagal efferent activity. The va- 
us nerve provides parasympathetic (inhibitory) innervation to the 
ino-atrial node, which is the heart’s internal pacemaker. Respi- 
atory activity inhibits vagal nerve firing during inspiration, but 
ot during expiration ( Shaffer & Venner, 2013 ). HRV can be as- 
essed using several different methods, including time domain or 
requency domain analysis, amongst others. Two of these meth- 
ds, the root mean square of successive differences (RMSSD; time 
omain) and high-frequency heart rate variability (HF-HRV; fre- 
uency domain), are popular measures of HRV as they are thought 
o reflect predominantly PNS, respiration-modulated activity, as de- 
ailed above ( Malik et al., 1996 ; Shaffer & Ginsberg, 2017 ). A de-
rease in RMSSD and HF-HRV suggest a withdrawal of PNS activity, 
hich is associated with effort investment ( Byrd et al., 2015 ; Melis 
 van Boxtel, 2007 ). 
HRV has been applied during several listening effort stud- 
es ( Cvijanovi ́c et al., 2017 ; Mackersie et al., 2015 ; Mackersie &
alderon-Moultrie, 2016 ; Seeman & Sims, 2015 ). Three studies in- 
luding only normal-hearing participants will be discussed first. 3 or example, Seeman and Sims (2015) measured the standard de- 
iation of normal-to-normal heart beat intervals (a time domain 
RV method) during two different listening tasks: a speech-in- 
oise task and a diotic-dichotic task. The diotic-dichotic task in- 
olved recall of digits presented in three different configurations: 
1) a single digit presented diotically; (2) a different, single digit 
resented to each ear; and (3) two different digits presented to 
ach ear. Task demand was assumed to increase with increasing 
umber of digits recalled. The authors demonstrated a reduction in 
RV with increasing difficulty of both tasks. However, this index of 
RV reflects contributions from both the PNS and SNS, not purely 
he PNS, hindering the interpretation about contributions from the 
wo branches of the ANS. Similarly, the HRV indices applied in a 
tudy by Cvijanovi ́c et al., (2017) , the low frequency power and 
he ratio of low/high frequency power, reflect contributions aris- 
ng from both the PNS and SNS. Cvijanovi ́c’s participants performed 
ollaborative communication tasks with varying background noise 
evels. No significant differences in HRV were elicited across three 
emand levels (no background noise, at 6dB signal-to-noise ra- 
io (SNR) and -6dB SNR). The final study involving only normal- 
earing participants applied a speech-in-noise task at different 
alker rates ( Mackersie & Calderon-Moultrie, 2016 ). Mackersie and 
alderon-Moultrie (2016) demonstrated a decrease in HF-HRV at 
 faster talker rate, compared to a slower talker rate. These results 
evealed a reduction or withdrawal of PNS activity during the more 
hallenging listening condition compared to at the easier condition. 
One listening effort study measured HRV of both normal- 
earing and hearing-impaired participants ( Mackersie et al., 2015 ). 
articipants performed a speech-in-noise task, with adjusted 
NRs for the two groups, to allow comparison between them. 
he hearing-impaired participants replicated the pattern reported 
bove: the more challenging conditions (i.e. lower SNR) resulted 
n a significant decrease in HRV (HF-HRV), suggesting a with- 
rawal of PNS activity. Interestingly, the normal-hearing partic- 
pants were not sensitive to this effect, showing no significant 
hanges in HRV (HF-HRV), despite performance being adaptively 
atched in the normal-hearing and hearing-impaired groups. It is 
ossible that even though performance level was matched, the dif- 
erent acoustical conditions presented to the two groups may have 
ontributed to the differences demonstrated. This study suggests 
hat the HRV response to reduced intelligibility level may differ be- 
ween normal-hearing and hearing-impaired populations. Further 
ork is needed, especially including hearing-impaired individuals, 
o clarify and replicate these findings. 
re-ejection period 
The second cardiovascular measure that has been implemented 
o reveal listening effort is PEP. PEP consists of the time period 
etween the onset of electrical depolarization of the heart’s left 
entricle and the opening of the aortic valve ( Newlin & Leven- 
on, 1979 ; Sherwood et al., 1986 , 1990 ). This time period can 
e derived non-invasively, using the electrocardiogram (ECG) and 
mpedance cardiogram (ICG). More specifically, PEP refers to the 
nterval between Q-onset of the ECG and the B-point of the ICG. 
his time-interval is of interest as it provides an index of beta- 
drenergic SNS activity on the heart. The effects of increased beta- 
drenergic activity on the heart include increased heart rate, elec- 
rical conduction, and force of contraction. The force of contrac- 
ion, in particular, is under mainly SNS control, as demonstrated 
y pharmacological studies ( Ahmed et al., 1972 ; Harris et al., 1967 ).
EP is inversely related to cardiac contractility, i.e. increased beta- 
drenergic activity causes the heart to beat with stronger force, 
hich results in a shorter PEP ( Newlin & Levenson, 1979 ). In this
ay, PEP duration is inversely related to effort mobilization: PEP 
ecomes shorter as effort investment increases, indexing an in- 



























































































































rease in SNS activity on the heart ( Richter, 2016 ; Richter et al.,
008 ; Wright, 1996 ). 
PEP has been applied in two published listening effort stud- 
es, both including normal-hearing individuals. The first applied 
 tone discrimination task of two difficulty levels and with two 
eward levels ( Richter, 2016 ). The main aim of the study was to
emonstrate the moderating role of success importance (i.e. the 
eward manipulation) on listening effort investment. Participants 
ere presented two pure tones that were either the same (difficult 
o discriminate), differed by 3Hz in frequency (difficult to discrimi- 
ate) or 20Hz in frequency (easy to discriminate). The participants 
ere required to specify whether the tones presented were identi- 
al in frequency or not. They were informed that by achieving 90% 
f trials correct in a block they could earn either a low reward (0.2 
HF) or a high reward (2.0 CHF). Effort was indexed by baseline 
orrected PEP scores, PEP reactivity. Richter (2016) revealed that at 
he difficult condition, participants required a high reward to mo- 
ivate them to invest effort, whereas the low reward was not suf- 
ciently motivating. The second study implemented PEP during a 
peech-in-noise task at six different SNRs and two reward levels 
 Plain et al., 2020 ). The authors found a linear, albeit weak, re-
ationship between SNR and PEP reactivity, such that lower SNRs 
ere associated with a more negative PEP reactivity, and no mea- 
urable impact of reward on PEP was demonstrated. To date, no 
tudies have measured PEP in hearing-impaired participants, and 
o studies have reported the relationship between HRV and PEP 
uring listening tasks. 
Heart rate and blood pressure 
Although HRV and PEP provide “pure” metrics of cardiac PNS 
nd SNS activity, respectively, other measures may also offer use- 
ul information about effort investment during listening. Heart rate 
nd blood pressure rely on contributions from both branches of the 
NS. Heart beats originate at the pacemaker cells in the sinoatrial 
ode in the heart. The pace of firing of these cells is under both 
NS and SNS influence and ultimately determines the heart rate. 
ncreased SNS input to the heart increases heart rate and the con- 
ractile force of the heart, which in turn increases cardiac output, 
eaning that more blood is ejected from the heart ( Gordan et al., 
015 ). Consequently, blood pressure increases ( Richter et al., 2016 ). 
n contrast, PNS input to the heart’s pacemaker cells results in the 
pposite cascade: a decrease in heart rate and subsequently, a de- 
rease in cardiac output and blood pressure. 
Despite the more mixed and complex mechanisms underly- 
ng heart rate and blood pressure measures, there is evidence 
hat they may still provide some useful information about listen- 
ng. For example, a recent study of real-world data from hear- 
ng instrument data logging showed an association between heart 
ate and both the sound pressure level and signal to noise ra- 
io ( Christensen et al., 2020 ). In addition, a functional near- 
nfrared spectroscopy study of normal-hearing individuals demon- 
trated that heart rate changes were mediated by different sound 
ressure levels, ranging from near-threshold to comfortably loud 
 Shoushtarian et al., 2019 ). At near-threshold sound pressure levels, 
 decrease in heart rate was demonstrated, whereas louder stimuli 
esulted in an increase in heart rate. 
There is also some evidence from laboratory studies to sug- 
est that heart rate might provide information about listening ef- 
ort. For example, Richter (2016) , also recorded heart rate and 
lood pressure in their study of PEP changes during listening 
study design described in section 1.2.1 above). They found that 
eart rate followed the hypothesized pattern of results at a sta- 
istically significant level, confirming that heart rate was highest 
n the high demand, high reward condition. However, when ap- 
lied to blood pressure, the planned contrast did not display this 
ame relationship to a significant degree ( Richter, 2016 ). Beyond 
he planned contrast, no additional statistical tests were conducted 4 o determine if any alternative patterns were present. In another 
tudy, normal-hearing participants performed a dichotic digit test 
hereby they repeated digits presented to them at three sep- 
rate demand levels: easy-demand, with single digits presented 
nly to one ear, medium-demand, with single digits presented bi- 
aterally and high-demand, with double digits presented bilater- 
lly ( Mackersie & Cones, 2011 ). This study found no statistically 
ignificant difference in heart rate across the three demand lev- 
ls ( Mackersie & Cones, 2011 ). Other studies reporting pulse rate 
a measure of heart rate determined from photoplethysmography) 
nd heart period (the inverse of heart rate) have also demonstrated 
o significant differences based upon various manipulations of lis- 
ening demand ( Francis et al., 2016 , 2021 ). 
Outside the listening effort literature, studies from the motiva- 
ional psychophysiological domain have included both heart rate 
nd blood pressure as dependent variables. Perhaps the most com- 
only presented has been systolic blood pressure (SBP), which 
efers to the maximal pressure in the vascular system during a 
eart cycle. SBP has been demonstrated to follow the hypothesized 
ffort related predictions ( Gendolla et al., 2019 ). Heart rate, dias- 
olic blood pressure (DBP; the minimal pressure in the vascular 
ystem during a cycle) and mean arterial blood pressure (MAP; the 
verage pressure in the vascular system during a cycle) have also 
een applied and reported as dependent variables corresponding 
o effort ( Gendolla & Richter, 2006 ; Nolte et al., 2008 ). 
ims and hypotheses 
Relatively few papers have reported results of cardiovascular 
istening effort parameters in hearing-impaired groups and, of 
hese, generally a single cardiovascular dependent variable is in- 
luded ( Mackersie et al., 2015 ; Mackersie & Kearney, 2017 ). There- 
ore, the picture of how the wider cardiovascular system reacts 
uring listening in this population is currently incomplete. In par- 
icular, the impact of observation during listening has not been 
horoughly investigated, despite being a situation that has obvi- 
us real-world applicability. To this end, this study investigated 
he effects of social observation on cardiovascular measures from 
earing-impaired participants. We achieved this by adding two ob- 
ervers to the traditional laboratory set-up, while participants un- 
erwent a speech reception task at two intelligibility levels (cor- 
esponding to 50 and 80% correct). We measured several cardio- 
ascular parameters, including two types of HRV (RMSSD and HF- 
RV), PEP, heart rate, SBP, DBP and MAP (measures summarized in 
able 1 ). 
We based our hypotheses upon motivational intensity theory 
 Brehm & Self, 1989 ). It was expected that at the easier intelligibil-
ty level, effort investment would be relatively low and of a similar 
ntensity between the alone and observed conditions. It was antic- 
pated that, although not reaching ceiling performance levels, the 
ask demand would be generally within the capabilities of the par- 
icipant. At the harder intelligibility level, however, we expected 
hat the observers’ presence would increase the participants’ de- 
ire to successfully complete the task, thereby increasing effort in- 
estment, compared to the alone condition ( Brehm & Self, 1989 ; 
ichter et al., 2016 ). We therefore anticipated that the general car- 
iovascular response, as assessed by a multivariate analysis, would 
eveal an interaction between intelligibility and social state. We 
lso expected to demonstrate this same pattern for each of the 
ndividual measures in subsequent univariate analyses. We delib- 
rately selected a range of measures that would provide informa- 
ion about the contributions from the two branches of the ANS. 
ithin our list of variables, we included PEP, to measure SNS ac- 
ivity ( Newlin & Levenson, 1979 ), and HRV, to measure PNS activity 
 Malik et al., 1996 ; Shaffer & Ginsberg, 2017 ), as well as other vari-
bles that reflect contributions from both branches of the ANS. By 
B. Plain, H. Pielage, M. Richter et al. Hearing Research 410 (2021) 108334 
Table 1 
Summary of cardiovascular measures included in study 
Measure Abbreviation Influenced by SNS, PNS or both Expected effort-related change 
Root mean square of successive differences RMSSD PNS Decrease 
High frequency heart rate variability HF-HRV PNS Decrease 
Pre-ejection period PEP SNS Decrease 
Heart rate HR Both Increase 
Systolic blood pressure SBP Both Increase 
Diastolic blood pressure DBP Both Increase 




























































































pplying these, we hoped to elucidate whether the cardiovascular 
esponse in this study was predominantly fuelled by the PNS or 
NS, or a combination of both. 
Finally, we anticipated that the subjective ratings would reflect 
 similar pattern to the cardiovascular measures. We expected par- 
icipants to rate their effort investment, desire to improve the au- 
itory situation and stress levels as highest in the observed, dif- 
cult intelligibility condition. In contrast, the tendency of partici- 
ants to give up was anticipated to be highest in the alone, diffi- 
ult intelligibility condition. 
aterials and methods 
In this experiment, we aimed to determine the influence of so- 
ial observation and SNR on hearing-impaired individuals during 
 speech-in-noise task. To investigate this, a two by two within- 
ubject design was applied, including two social observation states 
either alone or in the presence of observers) and two SNRs (cor- 
esponding to approximately 50 and 80% intelligibility levels). Both 
ardiovascular measures and pupil diameter were measured dur- 
ng the experiment. The pupillometry data are being analysed by 
he second author, who will report these data in a separate pub- 
ication, in accordance with requirements for his doctoral thesis. 
hese data will therefore not be described or presented here. In- 
tead, this paper focuses exclusively on cardiovascular measures. 
articipants 
The estimated sample size for the present study was calculated 
ased upon reported univariate effect sizes for HRV and PEP, be- 
ause multivariate effect sizes for the present experimental design 
nd group of measures are unknown. A listening task of varying 
peaker pace (fast and slow) was demonstrated to induce changes 
n HRV of an effect size (partial η2 ) of 0.29 ( Mackersie & Calderon-
oultrie, 2016 ). A similar partial η2 (0.28) was also deduced from 
 previous study showing that PEP was sensitive to changes in so- 
ial evaluation from between one (partial η2 = 0.22) and four in- 
ividuals (partial η2 = 0.36) ( Bosch et al., 2009 ). Our power calcu- 
ation, completed in G ∗Power 3.1.9.4 software, was based upon an 
stimated multivariate effect size of 0.26 (to provide a conservative 
stimate), an alpha error of 0.05, power of 0.8, and a correlation 
f 0.5 between repeated measures. The calculated recommended 
ample size was 26 participants. 
To account for possible missing data, ultimately 29 hearing- 
mpaired participants (17 males, 12 females) were tested at Erik- 
holm Research Centre. They were recruited from the Eriksholm 
esearch Centre test person database. Inclusion criteria specified 
hat participants were to be native Danish speakers, aged between 
0 and 80 years of age. The mean age of participants was 64.55 
ears (SD = 9.10, range = 47 to 76 years). Participants were re- 
uired to have a sensorineural hearing loss of at least 35dB HL 
our-frequency pure tone average (PTA) across 50 0, 10 0 0, 20 0 0 and
0 0 0Hz in their poorer ear, as demonstrated by their most recent 5 udiogram. Hearing thresholds were also required to be symmetri- 
al, which was classified as the presence of less than 15dB differ- 
nce between the left and right ears at 50 0, 10 0 0 and 20 0 0Hz,
r less than 30dB at 30 0 0, 40 0 0 and 60 0 0Hz. Mean audiomet-
ic threshold and standard deviations are plotted in Fig. 1 . Group 
ean four-frequency PTAs were 50.17dB HL (SD = 8.87) for the 
ight ear and 51.34 dB HL (SD = 8.68) for the left ear. All partic-
pants were bilateral hearing aid users with experience using Oti- 
on hearing instruments. 
In addition to hearing-related requirements, participants had to 
eet certain medical criteria in order to participate. These crite- 
ia were assessed by self-reported medical history. At the time of 
esting, participants reported no diagnosed psychiatric, neurologi- 
al, ocular, or cardiovascular disease. A history of surgery on either 
he eyes or the cardiovascular system, in particular the insertion of 
 pacemaker, were strict exclusion criteria. As hypertension is rel- 
tively common in the older population, high blood pressure and 
he use of anti-hypertensive medication were not exclusion crite- 
ia. The medication lists of participants were not specifically re- 
uested or recorded by the research clinician or experimenters, but 
f voluntarily disclosed, this information was recorded in the study 
ocumentation. In total, five participants reported that they were 
aking antihypertensive medication and one participant disclosed 
hat they had type II diabetes. Ultimately, one participant taking 
ntihypertensive medication and the diabetic participant were re- 
oved from analysis due to data quality issues (see section 3). Eth- 
cal approval for the study was obtained from the Research Ethics 
ommittees of the Capital Region of Denmark. 
earing instruments 
For the duration of the experiment, each participant was issued 
ith Oticon Opn hearing instruments programmed to their hear- 
ng thresholds using the manufacturer’s first fit. Double-layered 
omes were applied for all participants, apart from one who re- 
orted uncomfortable occlusion so instead wore standard domes. 
ne other participant with the same complaint retained the dou- 
le domes but had the overall gain of the hearing instruments 
ecreased slightly (2-3 dB maximum), to improve their comfort. 
o ensure uniformity across participants, the hearing instrument 
ettings were as follows: experience level was set to “long-term”, 
oise reduction was deactivated, microphones were set to omnidi- 
ectional and all buttons (i.e. program and volume controls) were 
eactivated. 
rocedure and apparatus 
Testing was conducted in a sound treated room. Upon arrival, 
articipants were provided with an overview of the session struc- 
ure, were checked for contraindications to testing and, if able to 
ontinue, gave their written informed consent. After this, otoscopy 
as performed, their height and weight were measured (to allow 
alculation of body mass index (BMI)), and their pre-programmed 
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Fig. 2. Schematic of the experimental test set up, demonstrating the position of the 
participant (centre), 1.2 meters from the target loudspeaker (0 °), the four masking 











tandard hearing aids (see section 2.2) were inserted. Next, partic- 
pants were required to complete a self-efficacy questionnaire. The 
etails and results of this questionnaire will not be presented here 
s they will be published in a separate paper. 
Participants were then taken into the testing booth by the re- 
earch clinician, where the electrodes and blood pressure cuff were 
pplied, and the pupillometer calibrated. After instruction, a train- 
ng list of sentences was conducted using an adaptive procedure 
iming at 50% correct (see section 2.4.1 for details). Next, two 
daptive procedures were completed, one adjusting towards 50% 
nd the other towards 80% correct. The SNRs obtained by these 
daptive procedures, which will be referred to here as the diffi- 
ult and easy conditions respectively, were recorded, so as to be 
pplied during the subsequent test blocks. 
The test blocks consisted of speech-in-noise tasks under two 
ocial observation states (either alone or in the presence of ob- 
ervers) and at two SNRs (difficult and easy). Each of the four test 
locks were preceded by a four-minute baseline video (details in 
ection 2.4.4) and followed by the subjective ratings (details in sec- 
ion 2.5). During the observed half of the test blocks, the observers 
ntered the test room prior to the video baseline, in order to in- 
roduce themselves to the participant. They were absent for the 
aseline itself, sitting out of the view of the participant in a differ- 
nt room, and returned to the test room at the beginning of the 
ist of sentences. After they had observed the task blocks, the ob- 
ervers wrote some notes on paper about their observations, were 
hanked and dismissed. These notes were destroyed after the test 
ession, due to ethical requirements. 
After the participant had completed all four test blocks, the 
lectrodes and blood pressure cuff were removed. The participant’s 
wn hearing aids were returned to them. They were then seated 
n the outer part of the laboratory in order to give the semi- 
tructured interview. The list of interview questions and results of 
ualitative data analysis will be reported in a separate paper. At 
he end of the session, the research clinician discussed travel cost 
eimbursement with the participant and thanked them for their 
articipation. The whole test session, including a five to ten-minute 6 reak after two HINT test blocks, lasted on average around 2.25 
ours. 
peech-in-noise task 
Auditory stimuli consisted of the Danish version of the Hearing- 
n-Noise Test (HINT) ( Nielsen and Dau, 2011 ). Target sentences 
ere presented from a loudspeaker placed at 0 ° azimuth, and four- 
alker babble masking noise was provided by four additional loud- 
peakers, each positioned 1.2 meters from the participant at 90, 
50, 210 and 270 ° azimuth. A schematic of the experimental set 
p is shown in Fig. 2 . The masking noise consisted of audio files of
ndividuals reading the newspaper. The clips were manipulated to 























































































































ave the same long-term average frequency spectrum as the tar- 
et speaker. Each of the surrounding loudspeakers played a single 
asker voice, of which there were two females and two males. The 
ositions of the masker voices were randomized across conditions. 
Twenty sentences were presented in each condition of the 
raining list, adaptive procedures, and fixed test blocks. The four- 
alker babble masker preceded and followed each target sen- 
ence by three seconds. This time duration was selected as it is 
hought to be the most optimal for finding the peak pupil dilation 
 Winn et al., 2018 ). After the masker offset, the participant was 
ncouraged to repeat back what they heard, during an unfixed- 
uration response window. Scoring was completed live during the 
est session. Certain errors during sentence repetition were per- 
itted. These included errors in verb tenses, singular vs. plural 
ouns, definite vs. indefinite articles (the / a), omission of single 
honemes and the addition of words or phonemes. If the correct 
ords were recalled in the wrong order, this was also tolerated. In 
ddition to live scoring, responses were also audio recorded as a 
recaution. 
daptive procedures 
The SNRs presented at the difficult and easy task blocks were 
etermined using adaptive procedures for each participant. The or- 
er of the adaptive procedures was balanced across participants. 
uring the adaptive procedures, the target level was adjusted, 
hile the masking noise remained fixed at 70dB SPL. Scoring was 
entence based; a correct response required all words of the sen- 
ence to be correctly repeated. To obtain the difficult SNR, the fol- 
owing procedure was used: for the first four sentences, the SNR 
as increased by 4dB for every incorrect answer and decreased 
y 4dB for every correct answer. The SNR of the fifth sentence 
as determined based upon whether the fourth sentence was cor- 
ectly or incorrectly repeated and took into account the SNRs of 
he preceding sentences. If the fourth sentence was correctly re- 
alled, the fifth sentence was presented at the average of the first 
our sentences’ SNRs and the SNR of the fourth sentence minus 
dB. Whereas, if the fourth sentence was incorrectly recalled, the 
fth sentence was presented at the average of the first four sen- 
ences’ SNRs and the SNR of the fourth sentence plus 4dB. After 
his, the step size for the remaining 15 sentences was 2dB, i.e. the 
NR was increased or decreased by 2dB if a sentence was incor- 
ectly or correctly repeated, respectively. The average SNR of sen- 
ences five to twenty was recorded (the difficult SNR). The easy 
NR was estimated using the same procedure as above, however 
or the first four sentences, the SNR was increased by 6.4dB step 
or incorrect sentences and decreased by 1.6dB for correct answers. 
or subsequent sentences, the SNR was increased by 3.2dB for ev- 
ry correct answer and decreased by 0.8dB for incorrect answers. 
he average SNR of sentences five to twenty was recorded as the 
asy SNR. Cardiovascular data were recorded during the adaptive 
rocedures, but these data were not analysed. 
ask blocks 
The order of presentation of the difficult and easy task blocks 
as balanced across participants. All 20 sentences presented dur- 
ng a task block were at the same SNR, and the masker signal 
as always presented at 70dB SPL, regardless of the condition. 
coring was completed based upon the number of words cor- 
ectly repeated, but for the purposes of our analysis we consid- 
red sentence-based scores. Cardiovascular data from during the 
ask blocks were recorded and analysed. 
ocial observation 
The participant performed the task both alone and in the pres- 
nce of two other individuals. The observers were also hearing- 7 mpaired and were recruited through the Eriksholm test person 
atabase, although the participant was not explicitly told this. 
here were no specific requirements regarding the observers’ con- 
guration of hearing loss, hearing aid status, nor the gender or 
ge of the observers. The observer pairs could therefore be two 
ales, two females or one male and one female. We acknowledge 
hat not controlling for the specific pairings may have introduced 
ariability. We deliberately selected individuals who could feasibly 
e “social peers” of the participant, rather than being watched by 
oung students, for example. Observers and participants did not 
now each other before the test session. Observers were sched- 
led to take part in the test sessions of two different participants. 
heir second session was never with the same “observation part- 
er” as the first session. In total, around 30 observers took part in 
he experiment. 
The observers were seated on chairs at 45 ° and 315 ° from the 
articipant, at a distance of around 1.2 meters. They were facing 
nwards towards the participant and were within the peripheral 
ision of the participant. The participant and the two observers 
ere instructed to imagine that they were socializing in a restau- 
ant situation. The participant was told to envisage that the tar- 
et sentence was being spoken by one of the observers. The ob- 
ervers were instructed to act in a non-threatening and pleasant 
emeanour when interacting with the test participant. They were 
old that their task was to judge how competent a communication 
artner the participant would be in real life. The order of the alone 
nd observed conditions were randomized, although due to practi- 
al reasons the order was not fully equally balanced: ultimately 17 
articipants were tested while observed first and 12 were tested 
lone first. 
aseline videos 
In order to allow cardiovascular change scores to be calculated, 
 four-minute baseline was implemented before each task block. 
uring this baseline, participants watched a video on a computer 
creen in front of them. They had no task during this time; they 
ere instructed to rest and quietly watch the screen. The videos 
epicted footage shot from a drone slowly passing over parts of 
dinburgh. The clips consisted of some countryside and some city- 
ased footage and were carefully selected to be non-emotive and 
eutral in content. There were four videos, one to precede each of 
he four task blocks. The order of video presentation was random- 
zed for each participant. 
ubjective ratings 
After each task block, the participant was left alone in the 
ooth to reflect upon the preceding task period and complete sub- 
ective ratings. They were asked to consider the following: 1) How 
uch effort did it take you to understand the preceding sentences? 
) Imagine this was a real-life situation. How likely would you be 
o try to do something else to improve the situation (e.g. move to 
 quiet room, ask the speaker to speak louder)? 3) How likely were 
ou to give up and stop trying? and 4) How stressful did you per- 
eive the task to be? The answer model for these four questions 
onsisted of a printed horizontal line, labelled from 0 to 10, with 
 decimal point precision. The participant was required to simply 
elect a point on the line that corresponded to their answer. The 
xtremes were labelled from “None/not at all” to “A lot” (e.g. of ef- 
ort) or “Very” (e.g. stressful). The final subjective rating consisted 
f a seven-point Likert scale in answer to the question “Did you 
erceive the task to be challenging or threatening?”. Participants 
ere required to select one of seven answer options: extremely 
hreatening, very threatening, slightly threatening, neutral, slightly 
hallenging, very challenging and extremely challenging. Results of 
his scale are excluded from this paper, as participants did not fully 





















































































































nderstand the answer model (some selected two points on the 
ame scale, for example). 
The rationale behind including these five subjecti ve rating 
cales will be discussed here. The first rating scale (effort) orig- 
nates from the NASA task load index (TLX) ( Hart & Stave- 
and, 1988 ). This item was included to be consistent with a number 
f studies reporting subjective ratings of listening effort ( Mackersie 
 Cones, 2011 ; Pielage et al., 2021 ; Plain et al., 2020 ; Seeman &
ims, 2015 ; Zekveld et al., 2010 ). However, ambiguity exists re- 
arding whether people truly rate their effort, or instead substi- 
ute other aspects of the listening task, such as their performance 
 Moore & Picou, 2018 ; Picou et al., 2017 ). For this reason, and based
pon the recommendation of Picou and Ricketts (2018) , the sec- 
nd rating scale was included, asking people to consider their de- 
ire to change the situation. The third rating (giving up) has also 
een implemented in a number of studies, with a view to learn- 
ng about disengagement from the task ( Picou & Ricketts, 2018 ; 
ielage et al., 2021 ; Plain et al., 2020 ). The stress rating was in-
luded on the premise that the social observation may elicit stress 
rom the participant ( Hellhammer & Schubert, 2012 ). The final 
ating scale (challenge / threat) was inspired by Blascovich and 
omaka’s Biopsychosocial model, which uses cardiovascular mark- 
rs to differentiate between challenge and threat ( Blascovich and 
omaka, 1996 ). 
ardiovascular measures and data processing 
Cardiovascular measurements were collected during the 
peech-in-noise task using the Cardioscreen 20 0 0 system (Medis, 
lmenau, Germany). Electrocardiography (ECG) and impedance 
ardiography (ICG) were measured at a sampling frequency of 
0 0 0Hz. This was achieved by placement of three disposable solid 
el electrodes: one applied to the left side of the neck (dual 
ensor), one in the left mid-axillary line at the level of the xiphoid 
rocess level (beneath the left armpit, around half-way down the 
hest) and finally, one 10cm below this. The ECG and ICG were 
easured throughout the speech-in-noise task. A blood pressure 
uff was applied to the participants’ right arm, over the brachial 
rtery and above the elbow. One blood pressure measurement was 
aken during each baseline video and one during each task block. 
he blood pressure was taken once in the middle of the baseline 
nd once in the middle of the task block, with a gap between 
hese measurements of approximately five minutes. Each blood 
ressure cuff inflation lasted around 30 seconds in duration and 
rovided three measures of blood pressure: SBP, DBP and MAP 
units of all: millimeters of mercury; mmHg). 
eart rate variability: RMSSD and HF-HRV 
In preparation for heart rate variability analysis, R peaks of the 
CG signal were detected using a peak detection function in MAT- 
AB (version R2018b). The data were visually inspected to con- 
rm that peaks had been detected correctly. Any sections of data 
ontaining excessive artifacts were excluded. The inter-beat inter- 
als were then loaded into Kubios software (Kubios HRV Standard 
.3.1) to be processed ( Tarvainen et al., 2014 ). Kubios’ artifact cor- 
ection was set to low (threshold: 0.3). RMSSD and normalized HF- 
RV were extracted from Kubios for each participant. Normalised 
F-HRV consists of a ratio of the power in the high frequency 
and (0.15 – 0.4Hz) in relation to that in the low frequency band 
0.05 – 0.15Hz). No manual averaging was required because Ku- 
ios produced single values representing the HRV indices across 
he whole task or baseline period (minus periods of artefacts that 
ere removed). Delta change scores were calculated for both HRV 
easures by subtracting baseline values from task values. Subse- 
uently, RMSSD change scores were log-transformed to correct for 
ositive skew. 8 re-ejection period 
PEP was calculated using the method described by 
ichter (2016) . R peaks were detected automatically in the ECG 
ignal, and successful detection was confirmed visually. Then, the 
CG signal was differentiated and filtered (low pass Butterworth 
lter, order 4, with a cut-off of 50Hz). Any cycles with artefacts 
ere excluded. Ensemble averages consisted of 60 seconds of data. 
EP, the period between the R-onset (ECG) and the B- point of the 
CG, was scored from the ensemble averages using the method 
utlined by Sherwood et al. (1990) . All data was scored by two 
eparate scorers. Any PEP values with an inter-scorer difference 
f greater than 10 ms were reviewed and scoring errors were 
orrected accordingly. Agreement between scorers was high (intra- 
lass correlation coefficient, two -way mixed, absolute agreement: 
.99). The final PEP values consisted of the average of scorer 1 and 
’s PEP values. 
In order to calculate a PEP change score for each condition, PEP 
alues were averaged over time for each condition. The first en- 
emble average of the baseline was excluded as it was assumed 
hat during the first minute, the participant may not yet have 
eached a resting state. Therefore, PEP values from minutes two 
o four of the baseline were averaged, to provide a single baseline 
EP value for each condition. To obtain the single task PEP values 
or each condition, the first five minutes of data were averaged. On 
verage, the task lasted around six minutes in total, with the short- 
st duration being just over five minutes. The first five minutes of 
he data were selected to ensure that all ensemble averages con- 
ained a full minute of ECG and ICG data. This was to avoid a situa-
ion as described here: for example, if a participant completed the 
ask a few seconds into the sixth minute, the sixth PEP ensemble 
verage would be calculated based upon just one or two cycles of 
ata, which may reflect artifact and need excluding. By considering 
nly the first five full minutes of data we could be more convinced 
f the reliability of the PEP values generated. A delta change score 
as calculated for each condition by subtracting the average base- 
ine PEP from the average task PEP. 
eart rate and blood pressure 
Heart rate was determined from the inter-beat intervals ob- 
ained while processing the heart rate variability data (section 
.6.1). Average heart rate values were calculated for each baseline 
nd task block. For heart rate and blood pressure, baseline values 
ere subtracted from task values, to produce a delta change score. 
 positive score is associated with a higher heart rate and blood 
ressure during the task than the baseline. 
tatistical analysis 
A two-way repeated measure analysis of variance (ANOVA) was 
sed to determine the presence of main effects of social state or 
ntelligibility, or interaction effects on performance. A multivariate 
nalysis of variance (MANOVA) was conducted including all cardio- 
ascular variables (RMSSD, HF-HRV, PEP, heart rate, SBP, DBP and 
AP) to demonstrate whether these variables were together sensi- 
ive to the experimental manipulations. An additional multivariate 
nalysis was conducted for the subjective rating data. Follow up 
nivariate analyses were undertaken for both the cardiovascular 
nd subjective rating data. Finally, a supplementary correlational 
nalysis was undertaken to determine the relationships between 
he individual cardiovascular variables. 
esults 
Twenty-nine participants took part in the experiment; how- 
ver, some exclusions were necessary after data collection. Full 
atasets from three participants were excluded due to consistent 
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Fig. 3. Average percentage of sentences correctly repeated at the difficult and easy 































































































ssues with data quality, rendering scoring of the ICG’s B-point for 
EP analysis inaccurate. Two participants had missing triggers in 
ne test condition each, making identification of the baseline and 
ask onset impossible; these conditions were therefore excluded. 
inally, due to a testing error, one participant heard the same HINT 
ist twice, so the repeated condition was excluded. As such, 23 full 
atasets were included in the following analyses. 
erformance 
To determine which fixed SNRs to apply during the test condi- 
ions, participants individually underwent adaptive procedures tar- 
eting 50 and 80% correct. The average SNR at the difficult, 50% 
ondition was 5.18dB SNR (SD = 2.09) and the average SNR at the 
asy, 80% condition was 9.87dB SNR (SD = 3.00). The sentence- 
ased performance data can be seen in Fig. 3 . A two-way re- 
eated measures ANOVA revealed a significant effect of intelligi- 
ility on performance (percentage of sentences correctly repeated) 
F [1,22] = 185.54, p < 0.01, ηp ² = 0.89), demonstrating that partic- 
pants performed significantly better in the easy condition com- 
ared to the difficult condition, as expected. No effect of social 
tate nor interaction between intelligibility and social state were 
emonstrated on performance (social state: F [1,22] = 1.00, p = 0.33, 
p ² = 0.04; interaction: F [1,22] = 0.41, p = 0.53, ηp ² = 0.02). 
ardiovascular data 
aseline measures: multivariate analysis 
Group averaged baseline values and standard deviations for 
ach of the cardiovascular variables were as follows: RMSSD, 3.77 
0.70) log milliseconds; HF-HRV, 50.22 (20.37) normalised units; 
EP, 102.77 (15.94) milliseconds; heart rate, 63.26 (9.75) beats per 
inute; SBP, 139.05 (15.78) mmHg; DBP, 82.13 (10.44) mmHg; 
nd MAP, 95.28 (10.98) mmHg. Analysis of baseline data is com- 
only reported in the psychophysiology literature ( Richter et al., 
008 ; Richter & Gendolla, 2009 ). For the purposes of this study 
esign, analysis of the baseline data was conducted to determine 
he presence of any effect of the experimental manipulations on 
he baseline periods. This was warranted because the upcoming 
ocial condition was known to the participant before the base- 9 ine period started (the intelligibility condition was not). Therefore, 
he baseline data for each of the cardiovascular measures was as- 
essed using a multivariate repeated measures ANOVA. No signifi- 
ant overall main effects were demonstrated for social state (Wilks’ 
ambda = 0.81, F [7,16] = 0.54, p = 0.80, ηp ² = 0.19) or intelligi-
ility (Wilks’ lambda = 0.63, F [7,16] = 1.33, p = 0.30, ηp ² = 0.37), 
nd no interaction (Wilks’ lambda = 0.73, F [7,16] = 0.87, p = 0.55, 
p ² = 0.28) was demonstrated. 
eactivity scores: analysis 
In some studies, cardiovascular measures are corrected based 
pon their relationship with BMI. For example, Richter and Gen- 
olla (2009) and ( Richter et al., 2008 ) applied BMI-correction to 
lood pressure measures. To determine if this was necessary in 
he present analysis, the relationship between the BMI and cardio- 
ascular reactivity averages (i.e. the average across conditions) for 
ach cardiovascular variable (RMSSD, HF-HRV, PEP, heart rate, DBP, 
BP and MAP) was investigated using Pearson’s correlations. A sim- 
lar analysis was conducted using age and the reactivity averages. 
o significant correlations were found and therefore these two fea- 
ures (BMI and age) were not included or corrected for in the fol- 
owing analysis. Correlations between the cardiovascular measures 
hemselves are reported in section 3.2.3 below. 
Reactivity data (change scores from baseline) and standard er- 
ors for each of the cardiovascular variables are presented in 
able 2 and Fig. 4 . A repeated-measures multivariate analysis of 
ariance (MANOVA) was undertaken to analyse the effects of so- 
ial observation state and intelligibility level on all cardiovascu- 
ar reactivity data, including the RMSSD, HF-HRV, PEP, heart rate, 
AP, DBP and SBP. The multivariate analysis revealed a significant 
ffect of social observation state on the cardiovascular variables 
Wilks’ lambda = 0.39, F [7,16] = 3.61, p = 0.02, ηp ² = 0.61). No 
ignificant effect of intelligibility was found (Wilks’ lambda = 0.65, 
 [7,16] = 1.25, p = 0.34, ηp ² = 0.35) and no interaction was demon- 
trated (Wilks’ lambda = 0.71, F [7,16] = 0.96, p = 0.49, ηp ² = 0.30). 
Based upon the significant effect of social observation state, 
ollow-up univariate analyses were conducted to determine which 
f the cardiovascular measures demonstrated the effect of social 
bservation. To account for multiple comparisons ( Bird & Hadzi- 
avlovic, 2014 ), p values were corrected in MATLAB using the false 
iscovery rate (FDR) Benjamini-Hochberg correction ( Benjamini & 
ochberg, 1995 ; Martínez-Cagigal, 2021 ). The results of these anal- 
ses are presented in Table 3 . As demonstrated in Fig. 4 , SBP, DBP
nd MAP increased in the presence of the observers. There was 
o significant effect of the social manipulation on PEP, HF-HRV, 
MSSD or heart rate. 
upplementary correlational analysis 
As part of a supplementary analysis, the relationships between 
he cardiovascular change scores of the different measures were in- 
estigated. The rationale behind this exploratory analysis was that 
t may provide additional information to aid the interpretation of 
he ANS origins of the cardiovascular response. Pearson Correlation 
oefficients are presented in Tables 4. At the bottom of Table 4 , 
verage correlation coefficients are presented. These were calcu- 
ated by first performing Fisher’s r-to-z transforms on the indi- 
idual correlation coefficients, then averaging across condition, be- 
ore finally reverse transforming. Average correlation coefficients 
etween variables ranged from very weak (for example, between 
EP and RMSSD, r = -0.04) to strong relationships (for example, 
etween DBP and MAP, r = 0.82) ( Evans, 1996 ). Variables demon- 
trating average correlation coefficients greater than 0.5 are pre- 
ented in scatter plots. Fig. 5 and 6 reveal the strong relationships 
etween the blood pressure measures and PEP. 
Three interesting observations from these correlation coeffi- 
ients will be highlighted here. Firstly, the correlations between 
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Fig. 4. Average change scores of the cardiovascular measures. The leftward panel demonstrates changes in blood pressure (upper, SBP, middle, DBP and lower, MAP). The 
middle panel demonstrates changes in heart rate (upper) and PEP (lower). The rightward panel demonstrates changes in heart rate variability (upper, RMSSD and lower, HF- 
HRV). Error bars represent the standard error of the mean. SBP = systolic blood pressure, DBP = diastolic blood pressure, MAP = mean arterial pressure, mmHg = millimeters 
of mercury, bpm = beats per minute, PEP = pre-ejection period, ms = milliseconds, RMSSD = root mean square of successive differences, HF-HRV = high-frequency heart 
rate variability, n.u. = normalised units. 
Fig. 5. Scatter plot demonstrating the relationship between MAP, SBP and DBP change scores. Lines represent lines of best fit. Pearson correlation coefficients are presented 
in the bottom righthand corner of each panel (grey text – SBP and blue text – DBP). MAP = mean aterial pressure, SBP = systolic blood pressure, DBP = diastolic blood 
pressure, mmHg = millimeters of mercury. 
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Table 2 
Means (and SEMs) of cardiovascular change scores 
Social observation condition 
Alone Observed 
Intelligibility condition Difficult Easy Difficult Easy 
RMSSD (log ms) 0.07 (0.09) -0.08 (0.09) -0.18 (0.07) -0.24 (0.08) 
HF-HRV (n.u.) -4.99 (3.18) -11.86 (3.26) -9.45 (3.92) -8.48 (4.06) 
PEP (ms) -0.46 (0.70) -0.19 (0.95) -1.01 (0.95) -0.94 (1.36) 
HR (bpm) 1.09 (0.45) 0.97 (0.42) 1.64 (0.56) 1.69 (0.68) 
SBP (mmHg) 3.91 (1.38) 2.35 (1.86) 7.61 (1.66) 4.74 (1.98) 
DBP (mmHg) 2.35 (1.26) 2.09 (1.03) 5.09 (1.09) 4.70 (1.47) 
MAP (mmHg) 3.04 (1.21) 1.87 (1.17) 6.70 (1.06) 4.17 (1.38) 
n = 23; change scores calculated by subtracting baseline value from task value. ms = mil- 
liseconds, n.u. = normalized units, bpm = beats per minute, mmHg = millimeters of mercury. 
Fig. 6. Scatter plot demonstrating the relationship between PEP and the blood pressure measures’ change scores. Lines represent lines of best fit. Pearson correlation 
coefficients are presented in the top righthand corner of each panel (black text – MAP, grey text – SBP and blue text – DBP). PEP = pre-ejection period, MAP = mean aterial 
pressure, SBP = systolic blood pressure, DBP = diastolic blood pressure, ms = milliseconds, mmHg = millimeters of mercury. 
Table 3 
Results of univariate tests on cardiovascular variables 
Effect tested Measure F [1, 22] p value Partial η²
Social RMSSD 5.34 .054 ∗ .20 
HF HRV 0.03 .88 < .01 
PEP 0.88 .42 .04 
HR 1.53 .32 .07 
SBP 6.70 .04 .23 
DBP 10.00 .02 .31 
MAP 14.08 < .01 .39 
Corrected p values presented. Those demonstrating significance 
( < 0.05) are presented in bold. ∗p value presented to three decimal 





















he two HRV measures themselves were weak (average correla- 
ion coefficient = 0.10). This result was unexpected because RMSSD 
nd HF-HRV are generally highly correlated and are both thought 11 o represent PNS activity ( Kleiger et al., 1991 ). As a further explo- 
ation, additional correlations were run between RMSSD and HF- 
RV during the baseline periods. The correlations between these 
wo HRV indices during the baseline were higher, ranging from 
.38 for the baseline preceding the difficult observed condition to 
.55 for the baseline preceding the difficult alone condition (aver- 
ge across all four baselines = 0.47). Secondly, the blood pressure 
easures only correlated with a measure of PNS activity, RMSSD 
n a single condition (easy alone condition, correlation coefficients 
anging from 0.32 to 0.42). Otherwise, the relationships between 
RV and blood pressure measures were weak. Finally, the corre- 
ations between PEP, our measure of cardiac SNS activity, and the 
lood pressure measures were moderate in all conditions (average 
orrelation coefficients ranging from -0.49 to -0.51). These obser- 
ations, as explored further in the discussion section (section 4.3), 
ncreased our uncertainty when interpreting the ANS origins of the 
ardiovascular response demonstrated in this study. 
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Table 4 
Pearson correlation coefficients for the association of cardiovascular variables 
Alone difficult RMSSD HF HRV PEP HR SBP DBP MAP 
RMSSD - .33 -.16 .26 -.06 -.18 -.04 
HF HRV - -.08 -.07 -.02 .15 .21 
PEP - -.16 -.40 -.38 -.57 
HR - .40 .38 .25 
SBP - .57 .82 
DBP - .69 
MAP - 
Alone easy RMSSD HF HRV PEP HR SBP DBP MAP 
RMSSD - -.06 -.27 -.02 .37 .42 .32 
HF HRV - -.43 -.26 .09 .10 .18 
PEP - .19 -.48 -.41 -.55 
HR - -.12 -.04 .05 
SBP - .57 .77 
DBP - .84 
MAP - 
Observed difficult RMSSD HF HRV PEP HR SBP DBP MAP 
RMSSD - .06 .16 .01 -.06 -.21 -.02 
HF HRV - -.27 .19 .02 .18 .26 
PEP - -.42 -.53 -.59 -.46 
HR - .44 .21 .21 
SBP - .68 .86 
DBP - .82 
MAP - 
Observed easy RMSSD HF HRV PEP HR SBP DBP MAP 
RMSSD -0.10 0.12 0.12 -0.05 0.14 0.09 
HF HRV -0.27 -0.18 0.10 -0.08 0.10 
PEP -0.32 -0.19 -0.31 -0.48 
HR 0.35 0.60 0.59 
SBP 0.48 0.74 
DBP 0.88 
MAP - 
Average correlation coefficients RMSSD HF HRV PEP HR SBP DBP MAP 
RMSSD - 0.06 -0.04 0.10 0.06 0.05 0.09 
HF HRV - -0.27 -0.08 0.05 0.09 0.19 
PEP - -0.19 -0.41 -0.43 -0.52 
HR - 0.28 0.31 0.29 
SBP - 0.58 0.80 
DBP - 0.82 
MAP - 
Values higher than 0.3 are presented in bold 
Table 5 
Means (and SEMs) of subjective rating scales 
Social observation condition 
Alone Observed 
Intelligibility condition Difficult Easy Difficult Easy 
Effort 6.60 (0.38) 4.60 (0.46) 6.67 (0.33) 4.42 (0.40) 
Preference for change 7.45 (0.49) 5.42 (0.58) 7.32 (0.40) 5.09 (0.65) 
Giving up 3.90 (0.54) 2.13 (0.33) 4.07 (0.56) 1.81 (0.33) 
















Results of univariate tests on subjective ratings 
Effect Subjective rating scale F [1,21] 
∗ p value Partial η²
Intelligibility Effort 25.78 < .01 .55 
Preference for change 31.01 < .01 .60 
Giving up 17.26 < .01 .45 
Stress 37.01 < .01 .64 
Corrected p values presented. Those demonstrating significance ( < 0.05) are pre- 







Means and standard errors for subjectively rated effort, prefer- 
nce to improve the scenario, tendency to give up and stress can 
e found in Table 5 . The multivariate analysis revealed a signifi- 
ant effect of intelligibility on the subjective rating scales (Wilks’ 
ambda = 0.28, F [4,18] = 11.43, p = < 0.01, ηp ² = 0.72), such that
t the difficult condition, the subjective ratings increased com- 
ared to at the easy condition. No significant effect of social state 
n the subjective rating scales was found (Wilks’ lambda = 0.87, 
 [4,18] = 0.65, p = 0.63, ηp ² = 0.13) and no interaction effect 
as demonstrated (Wilks’ lambda = 0.95, F [4,18] = 0.22, p = 0.93, 
p ² = 0.05). Results of follow up univariate analyses conducted 
n the subjective rating data can be seen in Table 6 . p val-
es were corrected to account for multiple comparisons using 
he Benjamini-Hochberg correction ( Benjamini & Hochberg, 1995 ; 12 artínez-Cagigal, 2021 ). For each of the subjective rating scales a 
ignificant effect of intelligibility was demonstrated (p < 0.01). This 
evealed that at the difficult intelligibility condition, participants 
ated their effort, preference to improve the scenario, tendency to 


























































































































ive up and their stress level to be higher compared to the easy 
ondition. 
iscussion 
The main aim of this study was to assess the effects of so- 
ial observation and intelligibility on hearing-impaired individuals’ 
istening effort investment during a speech reception task. To in- 
ex effort, we implemented subjective rating scales (self-perceived 
ffort investment, preference to improve the listening situation, 
tress and tendency to give up), in addition to a range of cardio- 
ascular measures including two HRV parameters (RMSSD and HF- 
RV), PEP, heart rate and three blood pressure measures (SBP, DBP 
nd MAP). We anticipated that the combination of these physiolog- 
cal measures would provide a comprehensive picture of the car- 
iovascular response associated with listening effort. More specif- 
cally, in keeping with motivational intensity theory ( Brehm & 
elf, 1989 ), we expected that effort (as shown by the subjective 
atings and cardiovascular reactivity) would vary as a function of 
oth intelligibility (task demand) and social observation state (suc- 
ess importance). We hypothesized that there would be no strong 
mpact of social observation state on effort in the easy condition, 
ut at the difficult condition we expected observation to result in 
n increase of effort investment. 
Contrary to our expectations, the most prominent finding of 
his study was that observation during a speech-in-noise task re- 
ulted in an increase in general cardiovascular reactivity, regardless 
f the difficulty of the task. These observation-related changes in 
ardiovascular reactivity, driven by increased blood pressure, were 
ot accompanied by significant changes in the participants’ subjec- 
ive ratings. Instead, participants’ subjective ratings demonstrated 
 significant effect of intelligibility only; an effect that was miss- 
ng in the cardiovascular data. Indeed, disparities between physi- 
logical measures, speech recognition performance and subjective 
atings are not uncommon in the field ( McGarrigle et al., 2014 ; 
trand et al., 2018 ; Zekveld et al., 2010 ; Zekveld et al., 2011 ). Sev-
ral authors have highlighted the need to include multiple differ- 
nt measures of listening effort, as it is likely that different mea- 
ures reflect different aspects of listening effort ( Alhanbali et al., 
019 ; Francis & Love, 2020 ; Strand et al., 2021 ). Below we will
iscuss the potential mechanisms and constructs demonstrated by 
ur findings. 
ocial observation 
Our results demonstrated that social observation during a lis- 
ening task resulted in an increase in blood pressure. This may 
eflect increased effort investment related to heightened success 
mportance ( Gendolla & Richter, 2006 ). The presence of the ob- 
ervers may have motivated the participants to succeed at the task, 
hus prompting them (the participants) to invest more effort than 
hen they were alone. Although an intelligibility-moderated rela- 
ionship was anticipated, it is possible that the participants were 
reoccupied by the presence of the observers and therefore less 
ensitive to changes in intelligibility ( Richter, 2010 ). This is sup- 
orted by a study which demonstrated that the context of a mem- 
ry or visual scanning task impacted whether participants’ PEP 
eactivity scores were sensitive to task demand or reward level 
 Richter, 2010 ). Participants who were questioned before the task 
bout reward were sensitive to the reward manipulation, whereas 
hose who were asked questions about task demand were sensitive 
o the task demand manipulation. In the context of our study, par- 
icipants may have been focused on the observation aspect of the 
xperiment and less on the intelligibility manipulation, resulting in 
n increased effort investment when observed, regardless of intel- 
igibility level. This explanation, however, is not supported by the 13 ubjective ratings of effort, which showed no effect of observation. 
ther interpretations may therefore be warranted. 
Beyond increased effort investment, another construct re- 
orted to elicit changes in blood pressure is task engagement 
 Fairclough et al., 2009 ). Task engagement is a broad, multidimen- 
ional concept, encompassing effort investment, motivation and af- 
ective changes ( Fairclough et al., 2009 ). In one experiment, partici- 
ants undertook a working memory task, while SBP was measured. 
articipants received pre-arranged feedback on their performance: 
 positive feedback group was shown that their performance im- 
roved over time, whereas a negative feedback group was shown 
he opposite. The participants who received positive feedback ex- 
ibited an increased SBP compared to those who received nega- 
ive feedback. The authors interpreted this to be a result of in- 
reased task engagement ( Fairclough et al., 2009 ). Unfortunately, 
n our study, as the observers were absent during the baseline 
eriods, it is not possible to determine whether the observation- 
ased changes were specific to the task, and thus the level of task 
ngagement, or simply associated with the observers’ presence in 
he room. Interestingly, our participant subjective rating of “giving 
p”, which might be considered the inverse of task engagement, 
id not reveal any effect of social condition. Outside of the con- 
ext of task engagement, changes in affect have also been related 
o cardiovascular reactivity (including blood pressure) ( Maier et al., 
003 ; Neumann & Waldstein, 2001 ), however these are beyond the 
cope of the current discussion. 
Instead of attributing the present findings to changes in ef- 
ort investment or task engagement, the demonstrated increase in 
lood pressure during observation could be solely due to an in- 
rease in general physiological stress associated with the presence 
f, and potential evaluation from, others ( Baron, 1986 ; Maier et al., 
003 ; Woody et al., 2018 ). Such a response to the presence of the
bservers could occur irrespective of the nature of the current (lis- 
ening) task. Similar findings to ours were demonstrated in a study 
y Woody et al., (2018) , where participants performed a speech ei- 
her in the presence of a two-member audience (social-evaluative 
hreat condition) or to a video camera (non-social-evaluative con- 
ition). In addition to the social manipulation, cognitive load was 
anipulated (load or non-load conditions). Heart rate and blood 
ressure increased in response to the social-evaluative threat ma- 
ipulation, but no impact of cognitive load (task demand) was 
emonstrated. The authors interpreted this to reflect a social- 
valuative threat response to the audience as stressors. 
In the present study, had the changes in blood pressure while 
bserved been related to social-evaluative threat, one might ex- 
ect this to be reflected in the subjective stress rating, which it 
as not. Previous work has demonstrated a relationship between 
 task involving the presence of an audience, physiological mark- 
rs of stress and subjective report. For instance, Hellhammer and 
chubert’s (2012) participants performed the Trier Social Stress 
est, which involves giving an interview and performing a mental 
rithmetic task aloud in front of a panel of judges. Before, during 
nd after the test, participants rated their stress perception, anxi- 
ty, and emotional insecurity on a visual analogue scale. All three 
ubjective ratings were significantly increased during and after the 
ask compared to baseline, showing that participants were more 
tressed, anxious, and emotionally insecure. In addition, the sub- 
ective stress ratings taken during the task were able to predict 
eart rate parameters. It is possible that the Trier Social Stress Test 
licits more stress than our test paradigm, explaining the differ- 
nce in our results. 
In light of the above discussion, we believe that the most plau- 
ible explanation is that the presence of observers resulted in in- 
reased stress associated with potential evaluation. Though this 
as not supported by an observation effect on the subjective rat- 
ng scales (one of which referred specifically to stress), we sus- 
























































































































ect that when selecting their subjective ratings, the participants 
onsidered only the listening task rather than the whole situation, 
mitting contextual factors such as the observers’ presence. The 
ubjective rating scales also specifically referred to speech under- 
tanding and the listening task. Interestingly, a similar result (sub- 
ective ratings showing an effect of intelligibility not co-presence) 
as demonstrated in another study that introduced a second par- 
icipant to a listening task ( Pielage et al., 2021 ). The authors at-
ributed this finding to inherent weaknesses of the subjective rat- 
ng scales employed. Some authors have hypothesised that instead 
f rating their effort, participants substitute different constructs 
hat are easier to assess, such as performance or task difficulty 
 Moore & Picou, 2018 ; Picou et al., 2017 ; Picou & Ricketts, 2018 ).
uture work of this type may benefit from providing participants 
ith more explicit instructions when completing the subjective 
ating scales about considering the whole situation, not only the 
istening-related aspects. Future work may also benefit from re- 
ising the challenge and threat subjective rating that was imple- 
ented in this study. Critique of this model often rejects the view 
hat challenge and threat are opposing constructs on a unidimen- 
ional continuum ( Uphill et al., 2019 ). The difficulty experienced by 
ur participants in understanding this rating scale adds weight to 
his criticism. 
Stress whilst performing a task under observation has been 
hown to result in both an increase in SNS activity (measured 
y PEP) and a decrease in PNS activity (measured by HRV) 
 Bosch et al., 2009 ; Weissman & Mendes, 2021 ). The lack of a sen-
itive response to observation in both our SNS (PEP) and PNS (HRV) 
easures was surprising as other studies have demonstrated an ef- 
ect on these measures of including even a single audience mem- 
er ( Bosch et al., 2009 ). However, this disparity in results may be
ttributed to the notable difference between the studies in terms 
f the participant demographics and study designs. Weissman and 
endes (2021) and Bosch et al., (2009) included young partici- 
ants, presumably with normal-hearing, whereas our participants 
ere older, hearing-impaired individuals. There is some evidence 
o suggest that the magnitude of PEP reactivity decreases with age, 
nd specifically in participants with heart disease ( Bertel et al., 
980 ; Gurel et al., 2019 ). Though we believed our participants 
ere free of cardiovascular disease, it is possible that some had 
ndetected or undiagnosed conditions ( Tan et al., 2018 ). Interest- 
ngly, a significant effect of social condition was also absent in a 
imilar study involving hearing-impaired individuals and RMSSD 
 Mackersie & Kearney, 2017 ). 
ntelligibility 
We can be confident that our manipulation of intelligibility 
as successful by inspecting the performance data and subjective 
atings. Subjective ratings were sensitive to intelligibility, demon- 
trating that at the more difficult intelligibility condition, partic- 
pants rated their effort, stress, preference to improve audibility 
nd tendency to give up as higher, compared to at the easier con- 
ition. Similar findings have been demonstrated in other studies 
 Mackersie & Cones, 2011 ; Moore & Picou, 2018 ; Pielage et al.,
021 ; Plain et al., 2020 ; Zekveld et al., 2010 ). 
A plausible explanation for the lack of an overall effect of in- 
elligibility on the cardiovascular data may relate to the specific 
ntelligibility conditions presented in the present study. Previous 
ork has implemented four or more SNRs (with different audi- 
ory material and maskers), spanning a wider range of the psy- 
hometric curve ( Mackersie et al., 2015 ; Plain et al., 2020 ; Seeman
 Sims, 2015 ). Whereas the present study applied two individually 
dapted SNRs targeting relatively close performance levels, situated 
t the middle to the right-hand side of the psychometric function 
50 and 80% correct). A broader range of more distinct listening 14 emand levels may have allowed us to detect an effect of intel- 
igibility with greater sensitivity. This point is perhaps even more 
alient because we included hearing-impaired participants in our 
tudy. It is likely that in this population, physiological differences 
etween the easy and difficult listening conditions were not sub- 
tantial. Indeed, previous work measuring pupil dilation has shown 
hat hearing-impaired participants have a similar peak pupil dila- 
ion (indicative of effort), across a wide range of SNRs, whereas 
isteners with normal hearing show a reduced peak pupil dilation 
t higher compared to lower SNRs ( Ohlenforst et al., 2017 ). This is
robably due to a compensatory effort investment required to per- 
orm even an easy task with a hearing impairment ( Hockey, 1997 ). 
Another explanation for the differing results between our study 
nd others that implemented cardiovascular measures during lis- 
ening tasks may be the type of masking noise presented during 
he task. For instance, the present study applied a four-talker bab- 
le masker, whereas Plain et al., (2020) applied a single-interfering 
alker masker. Single-talker maskers have a higher informational 
asking component than other types of masker ( Brungart, 2001 ). 
t is possible that PEP is more sensitive to single-talker masker for 
his reason. 
nterpreting the ANS origins of these findings 
The ANS origins of the cardiovascular responses detected in the 
resent study are not clear cut. The significant multivariate effect 
f observation was driven by the blood pressure measures, changes 
hich result from contributions of both the SNS and PNS. We in- 
luded two measures of cardiac PNS activity: RMSSD and HF-HRV, 
either of which correlated with the blood pressure measures, nor 
evealed any significant changes related to the experimental ma- 
ipulations. More importantly, these two measures were poorly 
orrelated to one another, despite both being measures of PNS ac- 
ivity ( Kleiger et al., 1991 ). RMSSD and HF-HRV have been shown 
o be highly correlated, yet the relationship between these mea- 
ures was weak in the present study (see Table 4 ). The discrep- 
ncy between these measures may be in part due to respiration 
ate, which was not monitored during the experiment. It is possi- 
le that participants’ breathing was not confined purely to the 0.15 
0.4Hz frequency band during the speech reception task, which 
ay have added noise to the HF-HRV measure. Previous work has 
emonstrated that HF-HRV is susceptible to the effects of respi- 
ation whereas RMSSD is not ( Penttilä et al., 2001 ). This might 
xplain the lack of correlation between these two indices. A task 
elated interference in the measures is supported by the stronger 
orrelation found between the two indices during the baseline, 
hen the participant was not required to speak. 
Interestingly though, the blood pressure measurements were 
ighly correlated with the SNS-measure, PEP ( Table 4 ). Although 
EP itself did not demonstrate a significant effect of either ex- 
erimental manipulation, the correlational analysis clearly demon- 
trates a strong relationship between PEP and the blood pressure 
easures (see Fig. 6 ), which were sensitive to observation. This 
ay suggest that the demonstrated changes in blood pressure are 
 result of SNS activity, rather than PNS activity. Based upon the 
bove reasoning, there is some evidence to suggest that SNS activa- 
ion may have contributed to the cardiovascular response demon- 
trated in the present study. Without a main effect in PEP, RMSSD 
r HF-HRV, we are not able to conclusively determine from this 
ataset which branch of the ANS dominated during the experi- 
ent. 
imitations of the work and future directions 
Several limitations existed in the present work. Firstly, due 
o unexpected issues with cardiovascular data quality in our test 















































































opulation, the study included three fewer participants than the 
6 recommended by our power calculation. We do not anticipate 
hat this has had a large impact on the presented results because 
ur power calculation was deliberately conservative in nature. The 
ower calculation was conducted based upon detecting a multi- 
ariate effect. It is possible that for some variables, such as PEP, 
F-HRV, RMSSD and heart rate, the univariate analyses may have 
een under-powered and comprising of too much noise to detect 
n effect at a significant level. 
As discussed above in section 4.1, another methodological lim- 
tation was the timing of the presence of the observers. We ac- 
nowledge that this limits the ability to interpret the physiological 
hanges presented here as representing a task related construct. 
e instead interpret our findings as physiological stress associated 
ith potential evaluation from the observers, irrespective of the 
ask. Future work would benefit from the addition of a baseline 
hat has observers present and an alternative, non-auditory task, 
uch that a distinction might be made between a purely observa- 
ion effect and a task-related observation effect. 
Finally, the balancing of the order of conditions across partici- 
ants was not equal. 17 participants began with the observed con- 
itions followed by the alone conditions, whereas 12 participants 
egan with the alone conditions followed by the observed condi- 
ions. Imperfect balancing may have inadvertently biased the re- 
ults towards a social observation effect. 
onclusions 
This study measured the cardiovascular reactivity of hearing- 
mpaired participants during a speech reception task at two intelli- 
ibility levels and two social observation states. We demonstrated 
hat while observed, cardiovascular reactivity was increased, com- 
ared to when the task was performed alone. Of the cardiovascular 
easures employed, all three measures of blood pressure demon- 
trated this effect of observation. The same effect was absent from 
he subjective rating data, which instead demonstrated a signifi- 
ant effect of intelligibility. To our knowledge, these data are the 
rst to demonstrate social observation-mediated blood pressure 
hanges during a speech reception task in hearing-impaired par- 
icipants. Our final aim was to learn more about the relative con- 
ributions of the two branches of the ANS during listening. How- 
ver, based upon our results, we were not able to conclusively de- 
ermine whether the SNS or PNS, or a combination of both, were 
riving the cardiovascular response demonstrated. 
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